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Abstract 
This article studies numerically a familiar important phenomenon in spray combustion which is deformation and breakup of 
liquid drops in gas flow. The SIMPLER method is used to solve the two-dimensional (2D) unsteady axisymmetric Navier-Stokes 
equations for both the drop and the ambient gas flow. The level set method is applied to capturing the liquid/gas interface. 
Through calculation are obtained four typical breakup modes—oscillation, bag breakup, sheet stripping breakup and shear 
breakup governed by four non-dimensional numbers which are gas Weber number (Weg), liquid Reynolds number (Rel), gas 
Reynolds number (Reg) and density ratio (J ). Their effects upon each mode are analyzed. The results indicate that among the 
four numbers, Weg is of the highest importance with Rel, Reg and J following up. By widening the range of the density ratio up to 
1 000, the breakup mode is discovered to be so complicated that a new one called multimode breakup mode turns up. This mode 
contains the shearing breakup and piercing breakup, which successively happen. The calculation results agree well with what is 
observed from the experiments. 
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1. Introduction1
In spray combustion, liquid atomization involves 
two steps. In the first step, a liquid jet from the injector 
breaks up into large drops, which then break up into 
even smaller droplets. The secondary breakup plays a 
very important role in increasing the total liquid/fuel 
inter surface to bolster the fuel evaporation and com-
bustion. However, it is rather difficult to carry out di-
rect simulation of the deformation and breakup of li- 
quid drops due to the complexity of the process. The 
current computational methods such as Lagrange’s and 
Euler’s, which are used in engineering prediction of 
spray combustion, cannot deal with the motion of in-
dividual drop. With Lagrange method, the drop is rep-
resented by point particle which can be split into two 
or more particles to describe the drop breakup. 
Breakup models, such as Taylor analogy breakup 
(TAB) model[1] and Reitz wave breakup model[2], are 
often used in drop breakup calculation. By applying 
these models, the calculation process is greatly simpli-
fied and the calculation resources are saved. With 
Euler method, the discrete particles of the same di-
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ameter can be regarded as continuous fluid. Different 
fluids represent groups of particles with different di-
ameters. The experimental diameter distribution of 
broken liquid drops is used for the fluids before com-
bustion calculation. Both Lagrange and Euler methods 
are easier to apply to combustion calculation but they 
contain several empirical parameters which must be 
determined through experiments.  
The secondary breakup of drop has been widely 
investigated in experiments[3-5]. Depending on the 
non-dimensional number, which is Weber number of 
gas Weg, there are five different typical breakup 
modes[3,4,6].
1) Oscillation breakup. The drop oscillates with 
some frequency. With low Weg, the liquid drop oscil-
lates without breakup. When certain conditions are met, 
the oscillating amplitude of flow field increases to the 
point where the drop decomposes into several large 
fragments.  
2) Bag breakup. Like bursting of soap bubbles 
blown from a soap film on a ring, this bag-shaped drop 
bursts into many small droplets and the rim of the bag 
disintegrates into some large liquid drops. 
3) Sheet stripping breakup. Flattened by the pres-
sure of gas flow, the drop has its thickness decreased 
from the center to the edge where very thin sheets 
form likely the gas flow direction[7]. As a result, the 
thin sheets strip off from the periphery of the deformed 
drop continuously.  
Open access under CC BY-NC-ND license.
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4) Shear breakup. This means that the viscous shear 
forces on the gas/liquid boundary layers make the li- 
quid come off the equator of drop.  
5) Catastrophic breakup or explosive breakup. Here 
the drop is first flattened into a sheet by the pressure 
and then breaks up into large-size fragments owing to 
Rayleigh-Taylor instable waves. Thereafter, Kelvin- 
Helmholtz (K-H) waves with much shorter wavelength 
originate at the edges of the fragments, which are 
stretched into ligaments, and then break up into very 
small droplets[7].
As a lot of factors inclusive of methods, instruments 
and others in experiments exert significant effect upon 
the drop breakup, the critical non-dimensional num-
bers used by different researchers for a breakup mode 
are usually not identical. 
With the rapid development of computer technology, 
the direct numerical simulation of incompressible 
two-phase flow has become one of the most attractive 
objects. The moving interface between two immiscible 
fluids with steep density and viscosity gradients has 
undergone researches with either of the following 
simulation methods. 
One is referred to as “tracking methods”, to which 
front-tracking method[8] and marker particle method[8]
belong. These methods use markers to follow the in-
terface and the free interface can be tracked explicitly. 
Beneficial to eliminating all logical problems caused 
by increased surfaces, these methods suffer from a 
requirement for a significant increase of computer 
storage and more time to move all the points to new 
locations. 
The other is referred to as “capturing methods”, 
which includes volume of fluid (VOF) method[9] and 
level set method[10-11]. They use a scalar function to 
define the location of the interface and avoid adding or 
subtracting points which are often demanded in the 
tracking method. The level set method is more con-
venient to be extended to three-dimensional (3D) pro- 
blems than VOF method, for the latter involves the use 
of the complex reconstruction technique. The level set 
function also represents the normal vector and curva-
ture of interface easily. 
These above-mentioned methods have been widely 
used in direct simulation of two-phase interfaces, such 
as bubble rising in water, dam break, wave phenome-
non and liquid jet breakup, etc. The recently developed 
direct simulation methods offer possibilities to find the 
underlying mechanism about secondary breakup. 
Some conclusions on the secondary breakup from the 
previous studies, which use above-discussed calcula-
tion methods, are too simple or constrained by work-
ing conditions owing to their inherent limitations. J. H. 
Han, et al.[6] used front-tracking method to calculate 
the breakup of axisymmetric liquid drops, of which, 
however, the density ratio of liquid to gas was limited 
to 1.5 and 10. P. Y. Liang[12] and B. Cai, et al.[13] used 
VOF method to calculate the shear and bag breakup 
modes of a liquid drop. Z. L. Wang[14] used level set 
method coupled with projection method to investigate 
the secondary breakup of a liquid drop in different 
working conditions. 
This article advances and validates a compound 
method that uses the level set method to capture fluid 
interface and the SIMPLER method to calculate flow 
field. In the process of calculation, some specific 
treatments are introduced, the range of parameters 
widened and some new phenomena discovered. 
2. Computation Scheme 
2.1. Governing equations 
Fig.1 shows the physical problem and computa-
tional domain with the bottom boundary as the sym-
metry axis and the wall as the top. The gas flows from 
the left to the right. Both the liquid and ambient gas 
are assumed immiscible and incompressible. 
Fig.1  Schematic of computational domain. 
The Navier-Stokes equations for incompressible and 
immiscible two-phase flow are expressed by 
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where U is the density, p the pressure, W the viscous 
stress tensor, u the flow field velocity and TV the sur-
face tension force. These equations are solved across 
the whole calculation domain including liquid and gas. 
The level set method is used to track the location of 
the interface between two phases. The location and 
time evolution of the phase interface are defined by 
level set equation[10]:
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where the smooth function I is usually defined as the 
signed function of the distance to the interface. I = 0
represents the interface between two phases, I > 0  
means in the liquid phase and I <0 the gas phase. 
Here come the delta function and the Heaviside 
function. The delta function is defined as 
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where H is an adjustable parameter that determines the 
bandwidth of the interface between two phases. Let 
H =1.5'x, then the interface width involves three grid 
cells. In order to avoid the numerical instability at the 
interface, especially for large density ratio between the 
two phases, the density U and viscosity coefficient P
in the whole computational domain in Eq.(1) are de-
fined as 
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where Ug and Pg are density and viscosity coefficients 
of gas respectively, Ul and Pl those of liquid. 
The TV is introduced as a delta function to provide 
the proper interface boundary conditions: 
( ) ( )V VN I G I T n              (6) 
where V is the surface tension coefficient and n a unit 
normal vector. The curvature of free surface is ex-
pressed by 
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2.2. Numerical solution 
The velocity and pressure fields are solved with 
SIMPLER method[15] on staggered grids. The level set 
equation is solved with the finite difference approach. 
A five-order weighted essential non oscillation 
(WENO) scheme is used to discretize the convection 
terms. Time term is discretized by three-order total 
variation diminishing (TVD) Runge-Kutta method. For 
the details of these methods, refer to Ref.[10]. The 
time step must satisfy courant-friedrichs-lewy (CFL) 
condition, where CFL number is set to be 0.5. 
2.3. Re-initialization of level set function and volume 
conservation technique 
As the interface evolves, I will generally drift away 
from its initial value and is no longer a signed distance. 
Thus, the technique proposed by M. Sussman, et al.[11]
is applied. Eq.(8) will be solved at each time step in 
order to keep I approximately equal to the signed dis-
tance.
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where sgn is the sign function. The solution of I will 
have the same sign and the same zero level as I0 and 
satisfy |I |=1. 
Even if the above re-initialization procedure is used, 
loss of volume might still occur and the prediction of 
the interface topography degrades. In fact, the nu-
merical discretization of the level set formulation 
could not ensure volume conservation. To settle this 
problem, a second re-initialization procedure[16] is re- 
commended: 
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where V0 is the total volume of the liquid correspond-
ing to the initial level set function I 0 and V(t) the total 
volume corresponding to the current level set by func-
tion I (t). Fig.2 illustrates the volume ratio versus time. 
It is understood that the volume of liquid drop will be 
subject to serious loss without adopting the volume 
conservation technique. The volume conservation 
equation, Eq.(9), will be solved if V/V0 is less than 
99% in the simulation process. In our experience, this 
technique should be adopted especially when density 
ratio is large. 
Fig.2  Volume ratio vs time. 
2.4. Solution procedure 
The solution procedure can be summarized into the 
following steps: 
1) Initialize the locations of the interface of the two 
phases. 2) Calculate the signed normal distances I for 
all nodes from the interface. 3) Specify the fluid prop-
erties for all nodes using Eq.(5). 4) Calculate the ve-
locity and pressure fields by solving the continuity and 
momentum equation, Eq.(1). 5) Update I by using 
Eq.(2) for the next time step. 6) If the volume loss cri-
teria is satisfied, solve Eq.(9) to ensure volume 
conservation. 7) Keep I a signed distance function by 
solving Eq.(8). 8) Repeat Step 3)-Step 7). 9) Finish if 
the total time is reached. 
3. Numerical Results and Discussion  
3.1. Validation 
Validation of the numerical method is carried out 
through the following three examples. 
(1) Falling velocity of a liquid drop due to gravita-
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tional attraction 
The velocity that complies with 
0 0( 0)tv v gt v   
should be calculated with the compound method, 
which incorporates the level set method with the 
SIMPLER method (a gravity term is added into the 
Navier-Stokes equations in this example). Fig.3 shows 
the average falling velocity of a drop versus time. 
From Fig.3, it could be seen that with the time in-
creasing, the velocity of the falling drop increases 
linearly. The slope of the line defining its acceleration 
is 9.6 m/s2. Compared with the gravity acceleration 
(9.8 m/s2), the error of this calculation is less than 2%, 
which might come from the air resistance and the ap-
proximative nature of the calculation. 
Fig.3  Average drop velocity of a drop vs time.
(2) Bubble rising in high-viscosity liquid 
D. Bhaga, et al.[17] had studied experimentally the 
deformation of a single bubble rising in a liquid. They 
presented shapes of the bubble in different cases in 
their article and we perform a numerical simulation of 
one of the cases. Fig.4 compares the experimental re-
sults (see the left side) with the simulated middle 
cross-section of the bubble shape (see the right side). It 
confirms a good agreement between them. 
3 3
l g
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Fig.4  Bubble motion in liquid. 
(3) Liquid drop falling into stationary water 
It is very common for a liquid drop to fall into water. 
It starts from the static state, then drops down and 
merges into the water. Because of the drop’s momen-
tum, a concave forms and an annular wave turns up on 
the water surface. After a while, as the annular wave 
spreads out, the concave disappears under the action of 
the surface tension. Fig.5 shows the calculated results 
and reveals the exact phenomena. The similar calcu-
lated results can be found in Ref.[18]. 
Fig.5  Liquid drop falling in to water.
3.2. Special treatments 
(1) Resolution tests 
In the calculation, uniform grids are used and the 
radial and axial dimensions of the computational do-
main are separately 2.5 and 5 times the initial diameter 
of the drop. In order to obtain the optimized grid con-
figuration, a series of calculations has been done with 
different sizes of grids. Fig.6 shows the calculated re-
sults with two dimensions of grids: 600u300 (lower) 
and 1 200u600 (upper). It displays little difference 
between them even with large deformation of the drop. 
The drop’s shape is plotted for 't=3 ms. The following 
calculations are carried out based on the grid dimen-
sion of 600u300 for saving computational resources 
and time. 
Fig.6  Resolution test with different dimensions of grids 
         (Weg=27.5, Rel =1 994, Reg = 11 179, J =10, 't=
3 ms). 
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Here are applied four non-dimensional numbers: gas 
Weber number, Weg; liquid Reynolds number, Rel; gas 
Reynolds number, Reg and density ratio, J.
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where u is the initial relative velocity, D the diameter 
of the drop, Vl the surface tension coefficient of liquid. 
 (2) Method for initiating velocity flow field 
As the drop is in a static state in the gas flow at the 
beginning of simulation, it is important to initialize a 
correct velocity flow field for the next calculation. J. H. 
Han, et al.[6] and Z. L. Wang[14] did this by solving the 
stream function or the pressure Poisson equation. The 
technique this article adopts comes from Ref.[15], 
where an isolated island lies during each iteration in 
SIMPLER method and the drop can be regarded as an 
isolated island. For details, refer to Ref. [15]. 
Fig.7 illustrates a part of the thus initialized flow 
field.
Fig.7  Initial flow field (partial).
3.3. Flow fields 
Fig.8 shows the streamlines moving with the drop in 
gaseous flow field. It indicates that a vortex behind the 
flattened drop develops with the deforming drop. It 
grows unceasingly until two little vortex cores are ob-
served inside at t = 9 ms around the deformed drop. 
Fig.8  Streamlines moving with drop (Weg = 27.5, Rel =
1 994, Reg = 11 179, J =10).
3.4. Secondary breakup modes observed in simulation 
The drop in oscillation mode does not break up but 
oscillates periodically. When the gas pressure on both 
poles of the drop surface exceeds that on the equator, 
the drop is changed into an oblate ellipsoid and moves 
forward in the gas flow direction. The curvature of the 
drop equator becomes larger, so does the surface ten-
sion over there. The oblate ellipsoid tends to reduce 
long axis distance and enlarges the short axis owing to 
the influences from surface tension. The oscillating 
amplitude decreases in the process of the deformation. 
Both pressure and surface tension dominate the evolu-
tion of deformation.  
Another breakup mode is bag breakup, which in-
cludes backward-facing breakup and forward-facing 
breakup[6]. The former means a thin hollow bag facing 
the downstream direction and attaching to a toroidal 
rim. This is an important discovery in our numerical 
results. The simulation results of backward-facing 
breakup show the spherical drop flattened and the thin 
hollow bag blown by the gas flow. The bag would 
eventually burst up to form a multitude of tiny frag-
ments. The forward-facing breakup has not been dis-
covered in the simulation, however.  
The sheet stripping breakup is distinctly different 
from the bag breakup. The pressure draws the edge of 
the flattened drop out into a thin sheet, which then is 
split up into fine filaments or ligaments. It differs from 
the bag breakup in the ligaments forming at first on the 
rim instead of in the center of the drop. 
Shear breakup occurs only with high density ratios 
(J =100 and J =1 000). As the drop has inertia much 
larger than the airflow, the air must flow much quicker 
than the center of liquid drop. Thus a boundary shear 
layer on the interface forms. It is difficult for the gas to 
transfer its momentum to the whole drop immediately. 
The boundary of the windward face is pulled in the 
direction of the gas flow and the leeward face of the 
drop is flattened by the gas flow. The center of the 
drop moves only a little. 
In Fig.9, can be observed some K-H waves at both 
sides of the droplet and then some small protrusions, 
which are to come off from the droplet shoulders. As a 
common phenomenon observed in experiments, K-H 
waves originate from the high relative velocity be-
tween the two phases. 
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Fig.9  K-H waves in shear breakup mode (Weg = 275, 
Rel = 199 402, Reg = 11 179, J =1 000, t = 10 ms).
It is for the complexity of the catastrophic breakup 
mode, in which the drop bursts up into a mass of fine 
ligaments in a short time, that makes it still difficult to 
simulate numerically at present.  
3.5. Effects of non-dimensional numbers 
There are several factors that can exert influences on 
the breakup processes, such as pressure, surface ten-
sion, viscous stress and density, which are investigated 
in terms of four non-dimensional numbers: Weg, Rel,
Reg and J  respectively. 
The drop deformation processes are described in a 
fixed period of 't within every two successive drops in 
each figure representing the distance that the drop 
travels during the fixed time interval. 
(1) Effects of gas Weber number 
Weg defines the ratio of gas dynamic force to surface 
tension. Weg increases when the surface tension de-
creases. Three typical breakup modes which are oscil-
lation (see Fig.10 (a)), bag breakup (see Fig.10 (c)) 
and sheet stripping breakup modes (see Fig.10 (d)) are 
indicated by means of increasing Weg. Fig.10 (b) 
shows a transition mode between the oscillation and  
Fig.10  Effects of Weg on deformation 
          (Rel =1 994, Reg = 11 179, Ȗ =10).
the bag breakup mode. The more unstable deformation 
mode becomes, the larger the Weg. The patches are 
peeled off from the drop in Fig.10(d) sooner than the 
other modes. The plots are shown every 2 ms except 
for Fig.10(a) which are shown every 1 ms. 
(2) Effects of liquid Reynolds number 
The deformation of a drop in relation to Rel is 
shown in Figs.11(a)-(d), which display the relationship 
between the decreased liquid viscosity (every time by 
an order of 10) and the increased liquid Reynolds 
number. In Fig.11(a), a liquid drop deforms into a bag 
which does not break up in the period of calculation. 
The shape of the bag is rather flat because of great 
viscosity the drop has. By comparing Fig.11(b) with 
Fig.11(c), it can be revealed that they are completely 
analogous in appearance except the central bag has 
fully disintegrated in Fig.11(c), while only a small part 
near the center has in Fig.11(b). Besides, Fig.11(c) and 
Fig.11(d) look almost alike. It stands to reason that 
large liquid Reynolds number would not exert any 
obvious effect on drop breakup. 
Fig.11  Effects of Rel on deformation (Wel = 27.5, Reg =
11 179, J = 10, 't = 2 ms).
The effects of liquid viscosity can also be repre-
sented by Ohnesorge number Oh when surface tension 
is constant: 
l
0.5
l( )
Oh
D
P
U V
 
where Oh stands for the ratio of liquid viscosity to 
surface tension. From Fig.11(a), it can be unveiled that 
when Oh t 0.1, the liquid viscosity would resist the 
deformation of drop. In Fig.11(a), Drop breaks up with 
difficultly when Oh=0.831 and while Figs.11(b)-(d) 
appear almost the same though Oh all under 0.1, i.e. 
Oh<0.1. P. K. Wu, et al. have also pointed out that the 
Weg for different breakup regimes are the same when 
Oh<0.1[19], which well agree with our findings. 
No.2 Liu Jing et al. / Chinese Journal of Aeronautics 23(2010) 153-161 · 159 · 
(3) Effects of gas Reynolds number 
Having affinity with the Rel, the gas Reynolds 
number has effects upon the drop deformation. Figs.12 
(a)-(d) display that the gas Reynolds number increases 
with gas viscosity decreasing. Compared to the other 
three, which are almost the same except some details 
(see Figs.12(b)-(d)), the bag for Reg=111.7 (see 
Fig.12(a)) is much smaller and the rim is different. 
Fig.12  Effects of Reg on deformation (Weg = 27.5, Rel =
1 994, J = 10, 't=2 ms). 
(4) Effects of density ratio 
The effects of density ratio upon deformation of 
drops are illustrated in Figs.13(a)-(c), where the liquid  
Fig.13  Effects of J  on deformation (Weg = 27.5, Reg =
11 179, 't=2 ms).
density ratio varies from 10,100 to 1 000. They evince 
existence of a distinct difference in deformation modes 
even the other fluidic characteristics are the same. 
Fig.13(a) shows an above-discussed typical bag 
breakup mode, which changes into sheet stripping 
breakup (see Fig.13(b)) with ligaments coming off the 
edge of the sheet continuously. Liquid drop with J = 
1 000 also experiences shear breakup, however, be-
cause of bigger inertia resulted from larger density and 
the drop would travel a shorter distance for a fixed 
period, 't. Therefore, with a density ratio of 1 000, it 
is difficult to move the drop a longer distance within a 
short period. 
Figs.13(a)-(c) illustrate different breakup modes 
with different density ratios in spite of the same Weg.
On the other hand, with J =10, the Weg for sheet strip-
ping breakup is 275 (see Fig.10(d)) while with J =100, 
Weg = 27.5. Obviously, changes in density ratio would 
alter the range of gas Weber number for breakup 
modes. 
3.6. Breakup map 
Figs.14(a)-(c) show different breakup modes in the 
form of an Reg-Weg breakup map with different density 
ratios. The gas viscosity and the liquid surface tension 
are subject to change respectively as Reg and Weg vary. 
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Fig.14 Reg-Weg breakup map. 
The Oh for all modes under study is less than 0.1, al-
luding to little effect the liquid viscosity has on the 
drop deformation. 
Fig.14(a) demonstrates the breakup modes including 
those of oscillation, transition breakup, bag breakup 
and sheet stripping breakup with J =10. The transition 
breakup mode is similar to Fig.10(b). The bag is not so 
big as compared to the bag breakup mode because of 
the big surface tension. There is no shear breakup 
mode with Weg ranging from 0 to 103. Since the drop 
with low density is easier to accelerate, it makes little 
difference in velocity between liquid and ambient gas 
and big deformation occurs instead of shear breakup. 
Fig.14(b) contains all the four breakup modes with  
J =100. Clearly, the Weg for the bag breakup and the 
sheet stripping breakup are smaller than those with   
J =10 (see Fig.14(a)). It is obvious that Reg remains all 
but unchanged as the Reg changes. Therefore, the gas 
viscosity effect can be omitted within certain scope. 
With J =1 000ˈthe transition between oscillation 
mode and shear breakup mode occurs in a range of Weg
narrower than with the other J values. The breakup 
modes with Weg=1.7 belong to the oscillation deforma-
tion discussed in Section 3.4. The transition breakup 
modes are identical to Fig.10(b). Fig.15 shows the 
multimode breakup defined by P. K. Wu[19]. As a tran-
sition breakup between bag breakup and shear breakup, 
it is a compound breakup process comprising two 
kinds of breakup regime. The shearing effect can be 
observed at the beginning of the breakup followed by 
disintegration of the drop into several big pieces by the  
(a) Calculation results (Weg = 5.5, Reg = 11 179,  
Re1= 119 402, J =1 000, 't = 4 ms)  
(b) Phenomena found in experiments[20]
Fig.15  Multimode breakup. 
pressure in the subsequent breakup. This is also called 
the “mixed shearing and piercing” breakup by G. J. 
Li[20]. Fig.15(a) shows the calculated results and Fig.15 
(b) the phenomena from Li’s experiments on the mul-
timode breakup. 
P. K. Wu, et al.[19] exposed a map showing drop de-
formation and breakup regime when the density ratio 
is larger than 500. Experiments evidence there to be 
drop oscillation mode when Weg<10, bag and multi-
mode breakups when 10<Weg<102 and shear breakup 
when Weg>102. The article points out the correspon-
dence between the Weg and the breakup modes as fol-
lows: Weg =1.4 corresponds to oscillation mode, Weg = 
5.5 and 11.0 to multimode breakup and Weg = 27.5 and 
275.7 to shear breakup. The above-cited values of Weg
are smaller than Wu’s results. There are several rea-
sons behind the disparity. First, the judgment of 
breakup modes to a greater degree depends on the 
personal experience especially for some transition and 
complex breakups either in an experiment or in calcu-
lation. Second, the calculation of surface tension cov-
ers three grids, which induces some errors by smearing 
the interface. 
By comparing the three breakup maps, it can be 
found that in general the range of Weg for drop defor-
mation shrinks when the density ratio increases. 
4. Conclusions
The secondary breakup of liquid drops in gas flow 
has been simulated numerically by using the level set 
method for capturing fluid interface and the SIMPLER 
method for calculating flow field. The compound 
method has proved to be able to reveal the complicated 
secondary breakup successfully. After analyzing some 
specific cases, the following conclusions could be 
drawn.
(1) The method adopted by this article to calculate 
the initial flow field is to use the method for calculat-
ing an isolated island lying in the flow field to com-
pute the initial static fluid drop in the gas flow. It is 
comparatively convenient and simple. As the serious 
mass losses especially in the case of high density and 
relative velocity would degrade the prediction of the 
interface topography, the volume conservation tech-
nique is used. 
(2) From the simulation, have been identified four 
typical breakup modes: oscillation, bag breakup, sheet 
stripping breakup and shear breakup, which occur un-
der different conditions. The deformation processes 
can unveil their intrinsic characteristics. 
(3) The influences of the outside pressure, surface 
tension, viscosity and density on the drop deformation 
have been investigated by using four non-dimensional 
numbers: Weg, Rel, Reg and J. Among them, the Weg is 
of the greatest importance with the Re coming next for 
both gas and liquid. There would not be obvious ef-
fects when the Rel becomes large in the conditions 
under study. Changes in density ratio, J, would lead to 
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alteration of the breakup mode if the other physical 
properties remain unchanged. 
(4) From breakup maps, it is clear that increasing 
the Weg would change the breakup mode no matter 
what the density ratio is and the range of the drop de-
formation shrinks for all modes from oscillation to 
shear breakup as the density ratio enlarges. 
(5) The conditions imposed on the calculation in-
volve more parameters than ever done in previous 
studies. With the density ratio equal to 1 000, a rather 
complicated breakup mode which is called the multi-
mode breakup mode and comprised of shear breakup 
and piercing breakup has been firstly observed by the 
authors of the article in both experiments and calcula-
tion. 
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